A self-consistent global three-dimensional kinetic study of Mercury's magnetosphere is carried out examining waves and instabilities generated by ion temperature anisotropy and plasma flow. The overall structure of Mercury's upstream bow shock and magnetosheath are qualitatively very similar to those of Earth.
Introduction
Magnetometer data from two flybys of Mercury by the Mariner 10 spacecraft established that the planet closest to the Sun has an intrinsic magnetic field [Ness et al., 1974] . From those observations, Mercury's magnetic dipole moment has been estimated to be between 170 nT R 3 M (≈ 2.5 × 10
19 Am 2 ) and 349 nT R 3 M (≈ 5 × 10 19 Am 2 ) [Connerney and Ness, 1988] [Anderson et al., 2008] .
The purpose of this study is to examine the presence of various types of waves triggered by instabilities in Mercury's magnetosphere and magnetosheath, indicate their source, and compare qualitatively to similar phenomena often observed in Earth's magnetosphere. For this study we use the three-dimensional (3-D) hybrid model (i.e., kinetic description of ions, fluid model of electrons) [Trávníček et al., 2007] of the interaction between the solar wind and a planet with a small magnetosphere. To put the simulation results in context we launch a virtual probe along the MESSENGER trajectory, which is useful since it passes through quasi-perpendicular and quasi-parallel bow shocks, magnetosheath, magnetospheric cavity, and Mercury's plasma belt, whose existence has been predicted by previous numerical studies by Delcourt et al. [2003] and
Trávníček et al. [2007] . The virtual probe flies by Mercury very near to the planet's equatorial plane. It approaches the planet from the dusk-crossing quasi-perpendicular bow shock and travels through the magnetosheath toward a closest approach to the planet above the night side.
Then it exits the planet's magnetosphere through the magnetosheath into the foreshock upstream
TRÁVNíČEK ET AL.: KINETIC SIMULATION OF MERCURY of the quasi-parallel bow shock. In the following section we describe the initialization of the 3-D hybrid simulation model, the simulation results follow in section 3, and a summary of the analysis and conclusions are presented in section 4.
Initialization of the kinetic model
We use a 3-D simulation box with 650 × 265 × 265 mesh points distributed along the three (Cartesian) dimensions with the spatial resolution ∆x = 0.4c/ω ppsw , ∆y = ∆z = c/ω ppsw ≡ Λ psw , i.e., the size of the simulation domain 260 × 265 × 265Λ 
Results
We summarize our simulation results in Figures 1-3 . space. The discussion of results essentially follows the trajectory of the virtual probe.
The spacecraft enters Mercury's bow shock (the first yellow marker ,,S1") at its dusk side where the shock wave is almost strictly perpendicular, Figure 3a) .
The increase in the magnetic field at the bow shock causes T p⊥ to grow. Downstream of the bow shock the plasma remains marginally stable with respect to the mirror instability ( Figure 3a , the second yellow marker ,,S2") forming a downstream wave train of compressible waves (see bow shock aligned oscilation of density and magnetic field downstream the bow shock on all panels of Figure 1 and Figure 2g ). The train of mirror waves decays further downstream as we approach the white marker ,,1".
The probe traverses the magnetosheath beyond the marker ,,1" and enters its expanding region. The convection-driven expansion of the magnetosheath causes T p⊥ to grow, however, the plasma anisotropy remains constrained by both the cyclotron and mirror instabilities. This portion of the magnetosheath is indeed filled by (compressible) waves with higher amplitudes (see all panels of Figure 1 ) and plasma in this region (
TRÁVNíČEK ET AL.: KINETIC SIMULATION OF MERCURY with respect to both mirror and cyclotron instabilities ( Figure 3a ). As the probe approaches the magnetopause (the green marker ,,MI") both β p and the temperature anisotropy T p⊥ /T p remain roughly constant (see Figure 3a ).
At the magnetopause (green marker ,,MI") the plasma density n p drops as the probe enters the magnetospheric cavity, v x ≈ 0, and the plasma temperature increases to the value ≈ 8T psw ; there are still some waves downstream of the magnetopause (see n p on Figure 1a , v x on Figure 2c , and δB 2 /B 2 on Figure 2b ). Small amplitude wave oscillations downstream the magnetopause were observed by MESSENGER (Figure 2i ). Plasma beta remains at β p ≈ 1 downstream of the magnetopause as the density drop has been compensated by the increase in the plasma temperature and the plasma is still nearly isotropic (T p⊥ /T p ≈ 1.1, Figure 3b ).
After crossing the inbound magnetopause the virtual probe travels through a region with an increased density of magnetospheric plasma (see Figures 1a and 1b) . The plasma does not move along the X direction (Figure 2c ), magnetic field fluctuations are present in this region (Figure 2b ), and the plasma has high beta ( Figure 2f ). We note, that a closer examination of the proton current density and the orientation of the magnetic field suggest that the structure is velocity-shear-driven and its presence close to the magnetopause supports possible formation of vortex-like structures close to Mercury's magnetopause [Slavin et al., 2008] . The plasma density increase in this region causes a diamagnetic drop of the magnetic field (see Figures 1a and 1c), the plasma is hot (Figure 2d ), and consequently β p ≈ 10 − 11.
The probe reaches the second white marker ,,2" where β p restores its value ≈ 1 and belt of quasi-trapped particles [Delcourt et al., 2003; Trávníček et al., 2007] . First, as the probe approaches the planet, β p decreases (Figure 2f and Figure 3b ) thanks to the presence of the planetary magnetic field. Once the probe enters the belt, the density increase causes the magnetic field dropout as a result of the diamagnetic effect ( Figure 1c ) and β p increases from 0.2 to 0.7 (Figure 3b ). Farther down along the spacecraft's trajectory the planetary magnetic field grows and causes β p to decrease again: first to the value 0.2 at the location of the third white marker ,,3", then reaching its minimal value 0.015 at the location of the closest approach (the red marker ,,CA").
Test particle studies by Delcourt et al. [2003] have shown that there is not sufficient magnetic moment to support the formation of a uniform drift-driven current arround the entire planet.
Examining the direction of the ion current in our model supports this conclusion, as there is not a visibly uniform direction of the proton current circulating the planet. Instead, more likely, Mercury's magnetic field lines act as a temporary trap for charged particles and cause them to bounce at least several times between magnetospheric mirror points before they either hit Mercury's surface or escape into the magnetospheric cavity. Moreover the mirror points for many of these particles are located below Mercury's surface. Consequently, we expect that velocity distribution functions for Mercury's belt plasma have large pitch angles, causing enhancement of the temperature anisotropy (Figures 2e, 3b , and 3c close to the red marker). Figure 2d suggests that the temperature of the plasma in Mercury's belt may reach values of 10 T psw .
As the virtual probe departs the point of closest approach ,,CA" toward the outbound green marker ,,MO", the magnetic field decreases (Figure 1c likely to be waves generated by both mirror and fire-hose instabilities as the plasma changes regimes that are marginally stable with respect to both instabilities (Figure 3b) . The largeamplitude mirror waves are relatively robust with respect to dissipation, and they are likely to compete with waves triggered by the fire-hose instability. Moreover, note that this region contains the beam of plasma streaming from Mercury's bow shock back upstream against the solar wind flow and some waves present in this region can be beam driven. The complexity of the energy exchange between particles and waves in this region is beyond the scope of this letter and deserves a separate detailed study.
Finally, the probe exits Mercury's magnetosheath into Mercury's proton foreshock beyond the outbound yellow marker ,,SO". Here the parallel temperature is effectively enhanced by the proton beam of plasma traveling upstream from the shock into the proton foreshock. The interaction between the beam and the solar wind plasma causes long-wavelength oscillations in Mercury's proton foreshock.
Conclusions
The overall structure of Mercury's upstream bow shock and magnetosheath is qualitatively similar to those of Earth. We observe long-wavelength waves upstream of the quasi-parallel bow shock generated by the interaction between the backstreaming beam of magnetosheath plasma results also suggest that velocity-shear-driven vortex-like structures can develop close to the (inbound) magnetopause, possibly similar to those observed by [Slavin et al., 2008] . In our case these structures contain plasma of high β p ≈ 10.
The magnetospheric cavity is filled with less dense, hotter plasma with a plasma temperature
Previous work by Delcourt et al. [2003] and Trávníček et al. [2007] predicts that a drift-driven belt of quasi-trapped particles forms close to Mercury's surface. Thanks to the small magnetic moment of Mercury's magnetic field the loss cone for charged particles in this region is large and the ions with pitch angle within the loss cone hit Mercury's surface. In effect, the loss of ions to the surface reduces further the parallel temperature of the ion distribution.
The plasma close to Mercury can cause development of diamagnetic signatures superimposed on the planetary magnetic field. Also, magnetospheric plasma close to the equatorial plane can reach Mercury's magnetopause and can potentially lead to the development of multiple pressure-balance layers [Slavin et al., 2008] .
Simulation results presented in this letter are limited by the use of the downscaling technique [Trávníček et al., 2007] and/or finite spatial resolution which can not resolve thin boundaries.
However, some of our simulation results are in general qualitatively similar to the observations by the MESSENGER spacecraft, namely the relative amplitude of wave oscillations in the magnetosheath and downstream of the quasi-parallel bow shock, possible development of velocity-shear-driven structures close to the inbound magnetopause, and development of multiple pressure balanced layers downstream of the outbound magnetopause [Anderson et al., 2008; Slavin et al., 2008] . Our study also does not include heavy ions, like sodium Na technique [e.g., Delcourt et al., 2003] as gyroperiods of these ions are much higher than those of protons and require much longer simulation times.
A magnetosphere (even a virtual one) is obviously a complex system. Many issues raised in this letter warrant additional, more detailed studies. inbound bow shock between points ,,S1" (isotropic plasma with β = 1) and ,,S2". Then it continues through point marked by the white marker ,,1", as it moves toward the inbound magnetopause (green marker ,,MI"). In 3b the spacecraft continues through points marked by white markers ,,2" and ,,3"
and reaches the point of closest approach (red marker ,,CA"). In 3c the spacecraft reaches the outbound magnetopause (green marker ,,MO" and the white marker ,,4") and in 3d travels through the bow shock (yellow marker ,,SO") into the proton foreshock. Gray lines display isocontours of the maximal growth rates of three temperature-anisotropy-driven instabilities as predicted by the linear theory for a bi-maxwellian plasma. Isocontours of growth rate levels of proton mirror, proton cyclotron, and proton fire-hose instabilities are marked by dotted, dashed, and dash-dotted lines, respectively. 
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